Introduction
Genetic epidemiology is the study of genetic factors that determine the distributions and dynamics of diseases in populations using a variety of analysis methods [1] . With the advent of high-throughput genotyping it has become possible to genotype over one million single nucleotide polymorphisms (SNPs) per individual and to genotype 10s of 1000s of individuals in a single study. This, and the fact that current SNP maps have over 85% coverage of the genome in whites [2] , means that genomewide association approaches have the potential to uncover the genetic contribution to complex human diseases such as osteoarthritis. The etiologic insights from such studies should also lead to improved diagnostic and prognostic tools and inform the development of more specific therapies for large joint osteoarthritis. The scope of the present article is to offer an overview of recent developments in the genetic epidemiology of knee and hip osteoarthritis, with particular emphasis to published genomewide association studies (GWAS). Osteoarthritis can affect different joints, including the hand and the facet joints in the spine. The focus of the current review is on knee and hip osteoarthritis that results in over 500 000 total joint replacement surgeries in the United States alone and is the cause of a huge personal and economic burden [3] .
Osteoarthritis is a multifactorial disease with genetic and environmental determinants. All cases are probably affected by both genetics and environment, with a continuous distribution between the extremes of predominantly genetic or predominantly environmental [4] . For example, the risk of posttraumatic osteoarthritis after a meniscal injury of the knee is strongly affected by a family history of osteoarthritis, by the presence of nodal osteoarthritis of the hand, by obesity and by sex [5] .
Genetic contribution to osteoarthritis
Evidence for a genetic predisposition to osteoarthritis was reported as early as the 1940s [6] . Familial aggregation is the sine qua non for continuing the genetic analysis of a disorder and several studies have reported the risk ratio for a relative of an affected individual compared with the population prevalence ranging between 2 and 8 (see [7] for review).
In addition, several classical twin studies have been carried out on osteoarthritis. Comparing the resemblance of identical twins for a trait or disease with the resemblance of nonidentical twins offers the first estimate of the extent to which genetic variation determines variation of that trait or 'heritability'. The heritability of osteoarthritis has been calculated in twin sets after adjustment of the data for other known risk factors such as age, sex and BMI. Such findings show that the influence of genetic factors in radiographic osteoarthritis of the hip is 60% and 39% for knee osteoarthritis in women independent of known environmental or demographic confounding factors. Classical twin studies and familial aggregation studies have also investigated the genetic contribution to cartilage volume and progression of disease [8, 9] .
Below we discuss some of the genes deriving from linkage and association studies. Some of the genes discussed below have been found to be associated with osteoarthritis in at least two independent populations with statistical significance after adjusting for multiple testing; however at the time of this writing no studies have reported an association in whites with any single osteoarthritis phenotype achieving P less than 5 Â 10
À8
(which is the threshold considered for genomewide significance) and the only gene to achieve this level of significance in Asians (DVWA) is not associated with osteoarthritis in whites.
Linkage analysis
Genetic linkage occurs when a locus involved in the trait of interest and alleles at nearby markers are inherited jointly. Familial co-segregation of a trait of interest with one or several genetic markers forms thus the basis of linkage analysis, which seeks to place a disease locus on the genome [1] . Several genomewide linkage scans have been published to date based on small families or twins of affected relatives collected in the UK, Finland, Iceland, the United States and the Netherlands (see [10] for references). In the case of large-joint osteoarthritis in the past couple of years the most significant development along these lines has been the identification of the region in chromosome 14q32.11 by Meulenbelt et al. [11 ] by carrying linkage analysis on 179 affected siblings and four trios with generalized osteoarthritis. Association tests in other cohort parts of the same study found a common deiodinase, iodothyronine, type II gene (DIO2) haplotype, exclusively containing the minor allele of rs225014 and common allele of rs12885300. This haplotype had an odds ratio (OR) 1.79 (P < 2.02 Â 10 À5 ) with hip osteoarthritis in women. The DIO2 gene encodes an intracellular enzyme in the thyroid pathway, responsible for the local bioavailability of thyroid hormone in specific tissues, including the growth plate. It converts inactive thyroid prohormone (T4) to active T3 hormone, which in turn binds to thyroid receptors in the nucleus and activates thyroid hormone-responsive genes. The role of thyroid hormone regulation in genetic risk of osteoarthritis may be an attractive therapeutic target, as drugs to intervene in this pathway have been in use for other therapeutic indications for a long time and are well characterized in terms of their safety and pharmacokinetics [12] .
Candidate gene studies
Once the approximate location of a disease gene has been found, association studies can be conducted in that region alone to pinpoint the gene and allelic variants involved. Genetic association analysis of candidate gene regions without any preceding linkage analysis has a long history of discovering single marker allele associations.
A number of candidate gene studies for knee and hip osteoarthritis have been carried out in the past with varying levels of success and certainty, some of which are discussed below.
Cartilage degrading enzymes
The primary cause of cartilage degradation is elevated proteolytic activity that degrades aggrecan and type II collagen. Loss of aggrecan is an early and crucial event in the progression of cartilage destruction and is attributed to proteolytic cleavage of the aggrecan core protein. For many years, it was believed that matrix metalloproteases (MMP-3) was an important proteinase responsible for this breakdown of aggrecan. MMP-3, as well as many other MMPs cleave aggrecan at the Asn341/Phe342 bond, generating specific aggrecan fragments. These MMPgenerated aggrecan fragments, however, are not detected in in-vitro models of cartilage degradation or in synovial fluid of osteoarthritis patients [13] . Rather, mouse models of osteoarthritis have clearly demonstrated that the enzymatic activity of ADAMTS-5 mediates aggrecan-induced turnover of articular cartilage after physical or cytokinemediated injury [14] . Nevertheless, a large genetic association analysis of ADAMTS-5 SNPs with hip, hand and knee osteoarthritis failed to find convincing evidence as to role that genetic variation at this gene may have for selecting high-risk versus low-risk patients [15 ] . Studies on the role that genetic variation at other aggrecanases and metalloproteinases has on the risk of osteoarthritis have also failed to demonstrate any significant genetic associations [16] .
Apoptosis and mitochondrial DNA
The important role of apoptosis in osteoarthritis has been demonstrated in both in-vitro and in-vivo models. A significantly higher proportion of apoptotic chondrocytes is found in samples from osteoarthritis patients than in those from age matched controls (see [17] for review). Two main pathways of programmed cell death have now been elucidated: a death-receptor-mediated pathway and a mitochondrial-mediated pathway. The death receptors are a subset of the tumor necrosis factor (TNF)-receptor family of cell surface molecules such as Fas. The mechanisms through which stimulation of Fas by the Fas ligand initiates apoptosis have been extensively investigated, and it has been shown that cell death in primary osteoarthritis chondrocytes is mediated by the Fas pathway [18] . Mitochondrial DNA (mtDNA) variation has been associated with risk of osteoarthritis of the knee [19] and of the hip [20 ] . Given the role of mtDNA damage on mitochondria-driven apoptosis, it is possible to speculate that the involvement of mtDNA haplotypes on osteoarthritis risk may relate to apoptotic pathways. More recently we reported that genetic variation at the ANP32A gene, which encodes a tumor suppressor molecule that plays a regulatory role in apoptosis and interferes with canonical Wnt signaling in vitro is associated with hip osteoarthritis in women [21] (rs7164503 OR ¼ 0.67, P < 3.8 Â 10
À4 after meta-analysis of four independent cohorts). Such results suggest that additional research into the role that genetic variation in apoptotic signaling molecules plays in susceptibility to osteoarthritis might help further our understanding of the molecular pathways involved in osteoarthritis.
Meta-analyses
Individual studies may be hampered by sample size limitations that result in lack of statistical power [22] and false positive results due to publication bias and chance. Meta-analyses based on consortium efforts may help overcome some of these limitations. A recent effort along those lines was recently published reporting the results of a collaborative meta-analysis of individuallevel data from 14 research groups on GDF5 and FRZB polymorphisms and osteoarthritis phenotypes. The authors found consistent evidence for an involvement of the promoter polymorphism at the GDF5 gene and knee osteoarthritis weaker evidence for hip osteoarthritis having tested more than 5000 cases of each hip and knee and approximately 8000 controls [23 ] .
Analyses for FRZB polymorphisms and haplotypes did not reveal any statistically significant signals except for a borderline association of rs288326 with hip osteoarthritis (P ¼ 0.019; 4346 hip osteoarthritis cases and 8034 controls) [23 ] . Other smaller meta-analyses of various genes that were identified in Asian samples and were not reproducible in European-descent samples have been published [24 ] .
Genomewide association studies
With the recent advances of high-throughput SNP genotyping technology, GWAS have become possible. These studies take advantage of linkage disequilibrium, that is, the fact that in any given choromosomal region in the genome alleles at physically nearby loci are associated in the population. The markers analyzed need not be functional, but may simply be in linkage disequilibrium with the functional variant [1] . However, the large-scale nature of these studies introduces a multiple testing issue, making the need for replication of any positive associations an absolute requirement. GWAS are nevertheless a powerful approach for unlocking the genetic basis of complex diseases such as osteoarthritis. The method has been used successfully in several common diseases [25] . Notable advantages include its comprehensiveness and the potential for finding susceptibility genes at previously unknown location or with no known relationship to the disease.
The first wave of GWAS in osteoarthritis has now been published. Although these studies clearly show that there is no definitive and common highly penetrant allele that causes osteoarthritis, some interesting genes have emerged from these studies. The findings help to better delineate the types of genes and genetic variants that are involved in osteoarthritis and provide substantial material for future research.
The first large-scale (500 000 markers) GWAS to be published was a pooled scan [26] on knee osteoarthritis. The variant identified by this study did not achieve genomewide significance but was replicated in three independent cohorts that fell in the 5 0 region of the gene encoding the cyclooxygenase 2 (COX-2) and the cytosolic phospholipase enzymes, both involved in prostaglandin synthesis [rs4140564 OR ¼ 1.55, 95% confidence interval (CI) 1.30-1.85, P < 6.9 Â 10 À7 ]. The data did not allow us to determine whether the association observed was due to the gene encoding COX-2 or cytosolic phospholipase-a (cPLA 2 a) or both.
A second GWAS on knee osteoarthritis, but testing fewer markers was published by a Japanese group [27 ] . After screening only 94 knee osteoarthritis cases and 658 controls for fewer than 80 000 SNPs, a subset of 2153 SNPs were tested in a second set of 646 knee osteoarthritis cases and 631 controls. Two variants in what was up to then considered to be a hypothetical gene were identified as the most strongly associated. The locus was named double von Willebrand factor A (DWVA), and two coding variants, rs11718863 and rs7639618, were confirmed to be strongly associated with risk of knee osteoarthritis in additional Chinese and Japanese samples (OR ¼ 1.43, P < 7 Â 10 À11 ). The two SNPs were also found to influence the binding of the DVWA protein to b-tubulin, and the authors hypothesized that tubulins and microtubules might be protective factors in the pathogenesis of osteoarthritis [27 ] . Subsequently, however, the two SNPs were found to have no effect on knee or hip osteoarthritis in whites samples. In a first study, Valdes et al. [28] found a slight trend for an association in the opposite direction in 999 UK knee osteoarthritis cases and 1166 controls and no association with hip osteoarthritis. A second study of
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European samples also failed to find any associations between the variants in the DVWA locus and osteoarthritis in European patients [29] , suggesting that the tubulin binding effect apparently by this molecule is not involved in whites' osteoarthritis. The newly identified DVWA was shown to actually represent the human gene coding for the collagen VI a4 chain (COL6A4) [30] . These results highlight the large heterogeneity between Asian and white samples with regards to genetic risk of osteoarthritis.
More recently, Kerkhof et al. [31 ] performed a GWAS testing more than 500 000 SNPs in 1341 osteoarthritis cases and 3496 white controls from the Netherlands. SNPs associated with at least two osteoarthritis phenotypes were subsequently analyzed in a further 14 938 osteoarthritis cases and 39 000 controls. After replication and metaanalysis the minor allele of rs3815148 on chromosome 7q22 (upstream of the GPR22 gene) was associated with a 1.14-fold increased risk (95% CI 1.09-1.19) for knee and/or hand osteoarthritis (P ¼ 8 Â 10
À8
), and also with increased risk for knee osteoarthritis progression. The association with knee osteoarthritis alone was 1.16 (1.09-1.24) P less than 2 Â 10 À6 and with hand osteoarthritis alone [OR ¼ 1.14 (1.06-1.23), P < 3 Â 10 À4 ], no association was seen with hip osteoarthritis. This SNP mapped to a large haplotype block of over 500 kilobases that included at least five genes. The authors [31 ] identified another SNP strongly associated with GPR22 expression levels in lymphocytes in almost complete linkage disequilibrium with rs3815148. GPR22 encodes a G-protein coupled receptor with an unknown ligand. Immunohistochemistry experiments showed absence of GPR22 in normal mouse articular cartilage or synovium but GPR22 positive chondrocytes were found in the upper layers of the articular cartilage of mouse knee joints that were challenged by in-vivo papain treatment or in the presence of interleukin-1b suggesting that GPR22 may be the gene involved. However, other genes in the haplotype block such as COG5, DUSL4, BCAP29 and HBP1 could not be excluded as being involved in disease risk.
No overlap exists between genes and regions suggested by linkage scans and those found by GWAS. On the contrary, GDF5, which is a strong biological candidate uncovered by a relatively small association scan, is found as one of the top 12 regions associated with knee osteoarthritis in the Dutch study [31 ] .
Conclusion
In spite of the fact that osteoarthritis has a very strong genetic contribution, as of today no genomewide significant associations have been identified in European samples and the only gene to show that level of association in Asians (DVWA) is not associated in whites. Nevertheless, several genes have been associated in two or more independent cohorts after adjusting for multiple testing (PTGS2, ANP32A, GDF5, DIO2 and a gene cluster in the 7q22 region). The pathways of these genes [apopotosis, bone morphogenetic protein (BMP) signaling, inflammation, thyroid signaling] are helping to increase our understanding of the molecular pathogenesis of osteoarthritis. Radiographic hip osteoarthritis has a strong familial aggregation (ls ¼ 4.27-5.07) and a strong heritability (60%) whereas radiographic knee osteoarthritis has weaker familial aggregation (ls ¼ 1.66-2.13) and a weaker heritability (39%; see [7] for references). Nevertheless, the strongest osteoarthritis genetic associations reported to date (GDF5, the 7q22 cluster, DVWA) are all with knee osteoarthritis and the reported associations with hip osteoarthritis [11 ,24 ] are much more modest. This suggests that there may be a considerable amount of heterogeneity in the hip osteoarthritis phenotype that is not captured by simple definitions such as total hip replacement or radiographic grade. During the coming years, as additional genetic and functional studies offer a more complete picture of the genetic contribution to osteoarthritis and the underlying molecular pathways, additional targets for novel therapies and improved diagnostic and prognostic tests should become available. Identifying individuals at greatest genetic and molecular risk for progression will have important implications for clinical trial design and should substantially improve our ability to diagnose and treat this disease that represents a major healthcare burden in industrialized societies.
